responses to abiotic and biotic stresses (He et al., 2004; Besson-Bard et al., 2008; Hong et 79 al., 2008; Neill et al., 2008; Leitner et al., 2009; Feng et al., 2013) . S-nitrosoglutathione 80 (GSNO) is a major biologically active form of reactive nitrogen species (RNS), and 81 functions as a primary NO donor. The endogenous GSNO homeostasis is highly dynamic, 82 and the GSNO level is negatively regulated by GSNO reductase (GSNOR), an 83 evolutionally conserved enzyme catalyzing irreversibly degrading GSNO (Liu et al., 2001) . 84 Mutations in the GSNOR gene cause the elevated GSNO level and consequently severe 85 abnormalities under physiological and pathological conditions in various species (Liu et al., 86 2004; Feechan et al., 2005; Que et al., 2005; Lee et al., 2008; Chen et al., 2009; Moore et 87 al., 2009; Kwon et al., 2012) . 88 In Arabidopsis (Arabidopsis thaliana), GSNOR1 is a single copy gene and the 89 enzymatic activity of the encoded protein has been biochemically characterized (Sakamoto 90 et al., 2002) . Genetic studies revealed that the gsnor1-1 and gsnor1-2 mutants are 91 gain-of-function mutations with the increased GSNO reductase activity and decreased 92 cellular S-nitrosothiol (SNO) level. Conversely, gsnor1-3 is a loss-of-function mutant with 93 a significantly increased S-nitrosothiol level (Feechan et al., 2005) . The defense responses 94 mediated by distinct resistance (R) genes are significantly impaired in the gsnor1-3 mutant, 95 and GSNOR1 functions as a positive regulator of salicylic acid-regulated signaling network 96 in the defense response (Feechan et al., 2005) . In a genetic screen for 97 thermotolerance-defective mutants, the sensitive to hot temperatures 5 (hot5) mutant was 98 characterized to have decreased heat-acclimation and hot5 was shown to be allelic to S-nitrosylation as a highly sensitive mechanism in the regulation of cellular signaling 118 Hess et al., 2005) . Emerging evidence indicates that S-nitrosylation 119 regulates the function of the modified proteins by various mechanisms, including the 120 enzymatic activity, stability, subcellular localization, three-dimensional conformation 121 changes, protein-protein interaction and ligand binding (Hess et al., 2005; Wang et al., 2006;  122 Astier et al., 2011; Gupta, 2011; Hess and Stamler, 2012) . In Arabidopsis, S-nitrosylation 123 has been shown as an important mechanism in regulating the stress responses. The activity 124 of methionine adenosyltransferase 1 (MAT1), which catalyzes S-adenosylmethionine 125 synthesis, was shown to be inhibited by S-nitrosylation (Lindermayr et al., 2006) . 126 7 peroxiredoxin II E (PrxII E) and an NADPH oxidase, thereby modulating the oxidative 128 stress in the defense response (Romero-Puertas et al., 2007; Yun et al., 2011) . Moreover, 129 S-nitrosylation has also been shown to regulate the conformational changes of NPR1 130 (NONEXPRESSER OF PR GENES 1), a master regulator of the defense response, and the 131 activity of SABP3 (SALICYLIC ACID BINDING PROTEIN 3), a key enzyme for 132 salicylic acid biosynthesis (Tada et al., 2008; Wang et al., 2009 ). In addition, 133 S-nitrosylation of TIR1 and AHP1, two key signaling components of the auxin and 134 cytokinin pathways, respectively, plays an important role in regulating respective 135 phytohormone signaling (Terrile et al., 2012; Feng et al., 2013) . These studies illustrate the 136 importance of S-nitrosylation in the regulation of diverse physiological processes in plants. 137 S-nitrosylation has been considered as one of the most important posttranslational 138 modification mechanisms (Lane et al., 2001; Stamler et al., 2001; Hess et al., 2005) . A 139 growing number of S-nitrosylated proteins have been identified using the proteomic 140 approach. Up to date, the S-nitrosoproteomic studies have identified more than 2,200 141 S-nitrosylated proteins, covering more than 4,100 S-nitrosylated cysteine residues. Of those 142 S-nitrosylated proteins, more than 95% were identified from mammals (Lee et al., 2012) . 143 Several proteomic studies in Arabidopsis identified a number of S-nitrosylated proteins 144 (Lindermayr et al., 2005; Romero-Puertas et al., 2008; Palmieri et al., 2010; Fares et al., 145 2011; Puyaubert et al., 2014) . In GSNO-treated cell suspension cultures and NO-treated 146 leaves derived from Arabidopsis, 63 and 52 S-nitrosylated proteins were identified, which 147 are involved in the stress responses, redox-related, cytoskeleton, metabolic proteins and 148 cellular signaling (Lindermayr et al., 2005) . In an independent study, 16 S-nitrosylated 149 proteins were identified from Arabidopsis seedlings undergoing the hypersensitive response 150 (HR) (Romero-Puertas et al., 2008) . In another independent analysis, 46 S-nitrosylated 151 proteins were identified from cultured Arabidopsis suspension cells (Fares et al., 2011) . In a 152 more specific analysis, 11 mitochondria proteins were identified to be S-nitrosylated and/or 153 glutathionylated (Palmieri et al., 2010 proteins were identified from Arabidopsis seedlings (Puyaubert et al., 2014 site-specific nitrosoproteomic analysis, both of which are based on biotin-switch method 167 and mass spectrometry (Jaffrey et al., 2001; Hao et al., 2006; Torta et al., 2008) . In shotgun 168 analysis, S-nitrosylated proteins were first biotinylated, enriched by 169 affinity-chromatography and then identified by mass spectrometry. Although the method is 170 relatively simple, the number of S-nitrosylated proteins identified by shotgun proteomics is 171 often few due to various technical limitations (Torta et al., 2008) . The identification 172 capacity of nitrosoproteomics was greatly improved by the site-specific strategy, in which 173 biotinylated proteins were first digested by trypsin and the enriched peptides were then 174 characterized by mass spectrometry (Hao et al., 2006; Chen et al., 2010) . Moreover,
175
S-nitrosylated cysteine residues can also be identified from site-specific nitrosoproteomic 176 analysis.
177
In this study, we performed a large-scale site-specific proteomic analysis of Arabidopsis (Feechan et al., 2005; Lee et al., 2008; Chen et al., 2009) proteins prepared from leaves of Col-0 and gsnor1-3 seedlings were subjected to the 195 biotin-switch assay as described (Jaffrey and Snyder, 2001) . The biotinylated proteins, in 196 which the S-nitrosylated cysteine residue of a protein was labeled by a biotin, were then 197 analyzed by immunoblotting using an anti-biotin antibody. We found that a higher level of 15-day-old gsnor1-3 seedlings and then subjected to the biotin-switch assay (see Fig. S2A (Lindermayr et al., 2005; 216 Romero- Puertas et al., 2008; Palmieri et al., 2010; Fares et al., 2011; Puyaubert et al., 2014 negatively regulates its enzymatic activity van der Linde et al., 2011) .
228
Site-specific identification of S-nitrosylated proteins in Col-0 and gsnor1-3 229 An advantage of the shotgun proteomic method is relatively less tedious. However, the 230 method can only detect proteins containing potentially S-nitrosylated cysteine residues, but 231 is incapable of precisely identifying the S-nitrosylated cysteine residues in a target protein.
232
To more precisely identify S-nitrosylated proteins and their modified cysteine residues, we 233 used a site-specific proteomics approach to characterize S-nitrosylated peptides. In this 234 method, the biotinylated proteins were first subjected to tryptic digestion before 235 biotin-affinity purification, and the biotinylated peptides were then affinity-purified for 236 further analysis (Hao et al., 2006; Chen et al., 2010) . By using this method, we analyzed 13 purification using streptavidin agarose beads and then analyzed by LC-MS/MS using an 242 LTQ Orbitrap Elite mass spectrometer (Fig. 1A) . A false discovery rate (FDR) of < 0.01 243 was applied as the criteria for S-nitrosylated peptides identification. To improve the 244 reliability, peptide samples of the negative controls (without treatment of sodium ascorbate) 245 were also analyzed by LC-MS/MS and biotinylated peptides identified in the negative 246 controls were excluded from the dataset.
247
In four independent experiments, we have identified 3,726 biotinylated peptides and previously reported S-nitrosylated protein were also identified in our site-specific analysis, 292 including the above-mentioned SABP3, FBA6, and APX1 (see Supplemental Table S5 analysis (Fig. 1E and Supplemental We noticed that several well characterized S-nitrosylated proteins, including MAT1, 299 PrxII E, NPR1, NADPH oxidase, TIR1 and AHP1 (Lindermayr et al., 2006;  300 Romero-Puertas et al., 2007; Tada et al., 2008; Yun et al., 2011; Terrile et al., 2012; Feng et 301 al., 2013), were not detected in our S-nitrosoproteomic analysis. This was possibly caused by 302 the relatively low abundance of these proteins, the detection limits of our study and different 303 conditions used in those studies. reported S-nitrosylated proteins were also identified in this study to be S-nitrosylated at the 329 EXC motif (Fig. 2C and Supplemental Table S5 online) . 330 Notably, in all the predicted S-nitrosylation motifs with P < 1 X 10 -4 , acidic amino acid 331 residues were found to be present in positions from -4 to +3 and preferably in positions from 332 -2 to +1 ( Fig. 2A) . However, basic amino acid residues did not appear to be essential for the 333 S-nitrosylation motif as previously proposed (Stamler et al., 1997; Greco et al., 2006; Seth 334 and Stamler, 2011) . The deduced S-nitrosylation motifs in this study are based on a larger 335 dataset than previous studies, which should be statistically more reliable. Therefore, we 336 propose that the maintenance of a local acidic environment may play an important role for 337 S-nitrosylation of a target cysteine residue. 
Functional classification of S-nitrosylated proteins in Arabidopsis

340
To explore the regulatory roles of S-nitrosylation in specific biological processes, we 341 performed a Gene Ontology (GO) analysis to functionally classify these S-nitrosylated 342 proteins identified by site-specific proteomics using agriGO software (Du et al., 2010) .
343
S-nitrosylated proteins in Col-0 (697 proteins), gsnor1-3 mutant (765 proteins), and the 344 combined dataset (926 proteins) were subjected to GO biological process analysis separately 345 and similar distributions were observed from these three groups (Fig. 3A) . We found that 346 these 926 S-nitrosylated proteins covered a wide range of GO biological processes, 347 including metabolism (28.96%), abiotic and biotic stresses (16.99%), cell organization 348 (5.26%), development (5.10%), transport (2.99%), energy process (1.63%), signaling 349 transduction (1. 73%), transcription (0.95%), and other processes (36.40%) (Fig. 3A) . GO 
online)
. This is possibly due to the relatively high abundance of these proteins and also 356 implies that the basal metabolism is actively regulated by S-nitrosylation (see also below). 357 Moreover, a large number of proteins involved in the stress responses were identified to be (Fig. 3B) . The combined dataset of 926 S-nitrosylated proteins were 390 significantly enriched in the chloroplast/plastid (26.03%), followed by the membrane 391 (8.33%), cytosol (7.96%), nucleus (7.02%), mitochondria (3.82%), extracellular component 392 (2.55%) and cell wall (1.34%) (Fig. 3B) . GO subcellular component analysis of and AHP1 all showed altered levels of S-nitrosylation in gsnor1-3 compared to wild type 413 (Tada et al., 2008; Terrile et al., 2012; Feng et al., 2013) , and several enzymes in 414 chlorophyll metabolism and photosynthesis also had an increased S-nitrosylation level in 415 gsnor1-3 (see below for details). 
22
CAO (Nakagawara et al., 2007 (Fig. 5C) . A similar result was also obtained in a previous study on the hot5 452 mutant allele (Lee et al., 2008) . Together, these results suggest that the increased level of In the photosynthetic dark reaction or the Calvin cycle, 17 key enzymes were 465 identified to be S-nitrosylated. Remarkably, the key enzymes in all three phases of the 466 three GAPDH members GAPA1, GAPA2 and GAPB were found to be S-nitrosylated. Fig. 7D and 7E ). Taken together, these results suggest that the photosynthesis system, were significantly increased in gsnor1-3 under relatively low light intensity (Fig. 7G and 496 7H; see also Supplemental Fig. S3C and S3D online) , whereas the non-photochemical 497 quenching (NPQ) was repressed in the gsnor1-3 mutant ( Fig. 7I and Supplemental Fig. S3E ), suggesting that the photosynthetic properties are affected by the gsnor1-3 mutation. 499 Presumably, the PSII antenna becomes smaller compared to the PSI antenna in the mutant, processes. Therefore, the data generated by this study will provide valuable clues for future 523 studies on these physiological and developmental processes regulated by NO. In particular, 524 we found that a number of proteins in chlorophyll metabolism and photosynthesis are 525 candidates of S-nitrosylation, thereby revealing a potentially important mechanism linking 526 these two physiologically fundamental processes with redox signals. 
Identification of S-nitrosylated proteins by shotgun LC-MS/MS analysis
539
The biotinylation and purification of S-nitrosylated proteins from two-week-old 540 Arabidopsis seedlings were performed as described (Jaffrey and Snyder, 2001; Feng et al., 541 2013). The biotinylated proteins (the S-nitrosylated proteins) were recovered by incubating 542 with elution buffer (20 mM Hepes-NaOH pH 7.7, 100 mM NaCl, 1 mM EDTA, 100 mM 543 β-Mercaptoethanol). The purified S-nitrosylated proteins were subjected to immunoblotting 544 using various antibodies (see below) or for nitrosoproteomic analysis. was carried out by using S-alkylating labeling strategy as described (Chen et al., 2010 ) with 
Immunoblotting analysis
632
Immunoblotting was performed as previously described (Feng et al., 2013) . Primary The measurement of chlorophyll content was performed as described previously (Feng et 644 al., 2007) . Chlorophyll fluorescence parameters were measured using a IMAGING PAM 645 chlorophyll fluorometer (Walz), and the measurement was carried out in a dark room with 646 stable ambient conditions as previously described (Sun et al., 2010) . Table S1 . A list of S-nitrosylated proteins identified by shotgun S-nitrosoproteomic analysis. Table S1 is presented as a separated Excel file. Table S2 . Site-specific identification of S-nitrosylated peptides in Col-0 and gsnor1-3. 
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